Introduction {#onco12221-sec-0001}
============

Today, in the field of oncology, most drugs are administered in a body--size‐based dosing schedule instead of a fixed dose for all patients. For most cytotoxic small molecule anticancer agents, body surface area (BSA) (in m^2^) is used for dosing. The origin of BSA‐based dosing is related to the narrow therapeutic window of these antineoplastic agents \[[1](#onco12221-bib-0001){ref-type="ref"}\]. By comparing the maximum tolerated dose (MTD) in humans to the MTD in different animal species used in preclinical experiments, it was observed that MTDs were comparable when expressed in milligram per m^2^ \[\[[2](#onco12221-bib-0002){ref-type="ref"}\], \[[3](#onco12221-bib-0003){ref-type="ref"}\]\]. This allowed a safer setting of the starting dose and dose escalation of new agents in phase I studies \[[1](#onco12221-bib-0001){ref-type="ref"}\]. The acceptance of dosing in mg/m^2^ was further fueled by the general belief that pharmacokinetic parameters like clearance can be scaled between individuals according to BSA \[[1](#onco12221-bib-0001){ref-type="ref"}\], \[[4](#onco12221-bib-0004){ref-type="ref"}\]. Dosing in milligram per m^2^ is, therefore, considered to correct for variability in drug distribution and elimination observed after fixed dosing. However, BSA‐based dosing is still under debate since there is a lack of clinical trial data that BSA‐based dosing indeed reduces interindividual variation in drug exposure \[[5](#onco12221-bib-0005){ref-type="ref"}\]. A large meta‐analysis by McLeay et al. \[[6](#onco12221-bib-0006){ref-type="ref"}\] showed that BSA, lean body weight, and total body weight all were equally successful for prediction of total drug clearance.

Like cytotoxic anticancer agents, monoclonal antibodies in oncology were initially administered in body--size‐based dosing schedules. Rituximab (Food and Drug Administration \[FDA\]‐approved in 1998), the first monoclonal antibody approved in oncology, was developed at a milligram per m^2^ dosing schedule \[[7](#onco12221-bib-0007){ref-type="ref"}\]. Single doses up to 500 mg/m^2^ and 4 weekly doses of 375 mg/m^2^ were evaluated in the clinical studies \[[8](#onco12221-bib-0008){ref-type="ref"}\], \[[9](#onco12221-bib-0009){ref-type="ref"}\], \[[10](#onco12221-bib-0010){ref-type="ref"}\]. For trastuzumab (FDA‐approved in 1998), at first, antitumor activity was evaluated at a fixed dose of 100 mg (with a 250 mg loading dose) \[[11](#onco12221-bib-0011){ref-type="ref"}\], \[[12](#onco12221-bib-0012){ref-type="ref"}\]. However, based on unpublished phase I trials and without publicly available explanation, further dose escalation was executed at a milligram per kilogram dosing schedule \[[13](#onco12221-bib-0013){ref-type="ref"}\]. By now, almost all approved monoclonal antibodies in oncology are dosed at a milligram per kilogram‐based schedule as originally developed for trastuzumab (Table [1](#onco12221-tbl-0001){ref-type="table"}).

###### Monoclonal antibodies approved for treatment of cancer and a proposal for fixed dosing
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Fixed dose is proposed if the effect of body weight on the volume of distribution and clearance is minimal (\<0.5). If the effect of body weight is strong (\>0.5) or unknown and a wide therapeutic window is reported, a fixed dosing approach might be considered for practical reasons.

The therapeutic window is based on a minimum effective dose at the interval of the approved dose and a maximum tolerated (or tested) dose after single administration.

The effect is presented as the exponent used in population pharmacokinetics models in formula 1 to correct for the effect of body weight, whereas 0 is used for no effect and 1 is used for a linear effect.

Abbreviations: BSA, body surface area; EMA, European Medicines Agency; CLL, chronic lymphocytic leukemia.

We believe that body weight dosing of monoclonal antibodies is also open for debate and that fixed dosing is justified and has several advantages. Fixed dosing can improve efficiency of the compounding. Moreover, drug spillage can be reduced and medication errors may become less likely \[[14](#onco12221-bib-0014){ref-type="ref"}\], \[[15](#onco12221-bib-0015){ref-type="ref"}\]. Here, we discuss the rationale for fixed dosing of monoclonal antibodies in oncology and propose fixed dosing schemes for all currently approved antibodies in oncology.

Distribution and Elimination of Monoclonal Antibodies {#onco12221-sec-0002}
=====================================================

As reviewed previously by our group, pharmacokinetics of monoclonal antibodies are complex and differ substantially from those of small molecule drugs \[[16](#onco12221-bib-0016){ref-type="ref"}\]. In oncology, monoclonal antibodies are of the immunoglobulin G (IgG) subtype and primarily administered intravenously \[[17](#onco12221-bib-0017){ref-type="ref"}\]. Only rituximab, trastuzumab, and catumaxomab are licensed for nonintravenous, parenteral administration \[[18](#onco12221-bib-0018){ref-type="ref"}\], \[[19](#onco12221-bib-0019){ref-type="ref"}\], \[[20](#onco12221-bib-0020){ref-type="ref"}\], \[[21](#onco12221-bib-0021){ref-type="ref"}\]. After administration, the distribution of monoclonal antibodies is limited by their size and hydrophilicity. Typically, monoclonal antibodies distribute only in the blood plasma and extracellular fluids, resulting in low distribution volumes (usually 2--12 L) \[[16](#onco12221-bib-0016){ref-type="ref"}\], \[[22](#onco12221-bib-0022){ref-type="ref"}\].

Clearance of monoclonal antibodies differs distinctively from small molecule drugs. Where small molecule drugs undergo renal and/or hepatic clearance, monoclonal antibodies are too large to be cleared from the body by means of these elimination routes \[[16](#onco12221-bib-0016){ref-type="ref"}\], \[[22](#onco12221-bib-0022){ref-type="ref"}\]. Antibodies are primarily metabolized by two main mechanisms (Fig. [1](#onco12221-fig-0001){ref-type="fig"}; Table [2](#onco12221-tbl-0002){ref-type="table"}) \[[16](#onco12221-bib-0016){ref-type="ref"}\], \[[22](#onco12221-bib-0022){ref-type="ref"}\]. A nonspecific IgG elimination pathway is responsible for a linear clearance rate of monoclonal antibodies via proteolytic catabolism. Proteolytic catabolism takes place in cells after endocytosis of the antibody, with the main contribution of cells that are in rapid equilibrium with blood plasma (e.g., skin, muscle, liver, and gut tissue) \[[23](#onco12221-bib-0023){ref-type="ref"}\]. In this process, the antibody is engulfed by the cell membrane and catabolized by lysosomes inside the cell. In the absence of the neonatal Fc receptor (FcRn, or Brambell receptor) this would lead to rapid clearance of monoclonal antibodies. However, this receptor is expressed in vascular endothelium, immune cells (e.g., macrophages and dendritic cells), intestinal epithelium, and hepatocytes and binds to monoclonal antibodies \[[23](#onco12221-bib-0023){ref-type="ref"}\]. After binding, the FcRn receptor mediates monoclonal antibody transport to the extracellular matrix, thus preventing intracellular breakdown by catabolism. At therapeutic levels of monoclonal antibodies, the FcRn mechanism is not likely to be saturated and homeostasis between intracellular breakdown and FcRn mediated rescue is maintained \[[24](#onco12221-bib-0024){ref-type="ref"}\]. This results in slow linear clearance of monoclonal antibodies via proteolytic catabolism. A second, more rapid elimination route for many monoclonal antibodies is target binding \[[25](#onco12221-bib-0025){ref-type="ref"}\]. This is followed by internalization of the monoclonal antibody‐target complex and intracellular degradation. Since this route is highly affected by both affinity of the antibody for its respective target, and target expression, it is usually saturable. The combination of both elimination pathways leads to linear clearance of the monoclonal antibody at plasma concentrations that exceed the minimum target inhibitory concentration due to saturation of the intracellular degradation (which is the case at therapeutic plasma concentrations of monoclonal antibodies). Once the plasma concentration of the antibody drops below the minimum target inhibitory concentration, intracellular catabolic degradation is not saturated anymore and elimination of monoclonal antibodies is mostly dominated by this target mediated clearance route \[[16](#onco12221-bib-0016){ref-type="ref"}\], \[[22](#onco12221-bib-0022){ref-type="ref"}\].

![Metabolism of monoclonal antibodies. Antibodies are metabolized via proteolytic catabolism **(A)** and intracellular degradation after binding to the target **(B)**. Proteolytic catabolism takes place in cells after endocytosis of the antibody. In this process, the antibody is engulfed by the cell membrane **(A1)** and catabolized by lysosomes **(A2)** inside the cell. In the absence of the neonatal Fc receptor (FcRn, or Brambell receptor), this would lead to rapid clearance of monoclonal antibodies **(A3a)**. However, this receptor is expressed in vascular endothelium, immune cells (e.g., macrophages and dendritic cells), intestinal epithelium, and hepatocytes and binds to monoclonal antibodies **(A3b)**. After binding, the FcRn receptor mediates monoclonal antibody transport to the extracellular matrix, thus preventing intracellular breakdown by catabolism **(A4)**. A second, more rapid elimination route for many monoclonal antibodies is target binding **(B1)**. This is followed by internalization of the monoclonal antibody‐target complex **(B2)** and intracellular degradation **(B3)**. Characteristics of both elimination routes are presented in Table 2.](onco12221-fig-0001){#onco12221-fig-0001}

###### Characteristics of elimination pathways of monoclonal antibody

![](onco12221-tbl-0002){#nlm-graphic-7}

Effect of Body Weight on Elimination and Distribution of Monoclonal Antibodies {#onco12221-sec-0003}
==============================================================================

For monoclonal antibodies, the distribution volume is limited to the volume of the blood plasma and extracellular fluids \[[16](#onco12221-bib-0016){ref-type="ref"}\], \[[22](#onco12221-bib-0022){ref-type="ref"}\]. As a result, body composition is of less importance than for small molecule drugs, for which volume of distribution is also determined by adipose, connective, and muscular tissue \[[26](#onco12221-bib-0026){ref-type="ref"}\], \[[27](#onco12221-bib-0027){ref-type="ref"}\]. Although blood volume is increased in obese patients and decreased in underweight patients compared to normal weight patients, the change in blood volume is less than proportional with the change in body weight \[[28](#onco12221-bib-0028){ref-type="ref"}\], \[[29](#onco12221-bib-0029){ref-type="ref"}\]. As a result, total blood volume is better correlated to lean body weight than to body weight \[[29](#onco12221-bib-0029){ref-type="ref"}\]. Moreover, estimation of total blood volume by lean body weight also corrects for differences in body composition (e.g., muscle/fat ratio) between male and female patients. For example, estimated on lean body weight, the blood volume of a male patient (height 1.8 m) with a body weight of 140 kg will be 1.5‐fold higher than for a 70‐kg patient. On the other hand, blood volume of a 50‐kg patient will be 1.2‐fold lower, while body weight is 1.4‐fold lower. Thus, a linear dosing schedule (e.g., mg/kg) will result in higher plasma levels in obese patients and lower levels in underweight patients (Table [3](#onco12221-tbl-0003){ref-type="table"}).

###### Theoretical blood concentrations of monoclonal antibodies after intravenous bolus administration based on blood volume and body weight
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In this table, theoretical blood concentrations of monoclonal antibodies are presented for obese and underweight males and females compared to normal weight patients. In this theoretical example, a monoclonal antibody dose of 1 mg/kg (body weight‐based dosing) or 70 mg (fixed dosing) is chosen. The total blood volume is estimated based on lean body weight. Theoretical blood concentrations are calculated and, based on the assumption that directly after the bolus injection of monoclonal antibodies, the administered dose is only distributed over the total blood volume.

Lean body weight (LBW) for the male is calculated using the equation LBW = 0.407 × body weight (BW) + 26.7 × height ‐ 19.2 and for the female using the equation LBW = 0.252 × BW + 47.3 × height 48.3. Blood volume (BV) is calculated using the equation BV = 0.095 × LBW + 0.34. Equations are derived from Boer \[29\]. Theoretical blood concentration directly after intravenous bolus administration is calculated by dividing the administered dose by the calculated BV. Relative to a 70 kg patient (Rel.) BW, Rel. LBW, and Rel. BV are calculated by dividing the specified parameter by the value of that parameter for a 70 kg patient.Abbreviations: BV, blood volume; BW, body weight; C~0~, theoretical blood concentration directly after intravenous bolus administration; LBW, lean body weight; Rel., relative to a 70 kg patient.

Elimination of small molecule drugs might be changed in obese patients as a result of altered renal and hepatic blood flow and differences in phase I and II metabolism \[[27](#onco12221-bib-0027){ref-type="ref"}\]. Clearance of monoclonal antibodies, on the other hand, is not likely to be affected since it is not dependent on renal or hepatic blood flow \[[29](#onco12221-bib-0029){ref-type="ref"}\]. As described above, monoclonal antibodies are subject to two elimination routes: (a) proteolytic catabolism and (b) intracellular degradation after binding to the target. For monoclonal antibodies targeting soluble targets (e.g., bevacizumab and ramucirumab), target internalization and degradation play no role and clearance is limited to proteolytic catabolism \[[22](#onco12221-bib-0022){ref-type="ref"}\]. In contrast, for monoclonal antibodies targeting antigens at cell surfaces, intracellular degradation may play a major role. Obviously, binding to the target at the cell surface is not related to body weight, but mainly to tumor load, target expression levels in tumors versus endogenous expression, and affinity of the monoclonal antibody. Therefore, intracellular degradation of monoclonal antibodies targeting antigens at the cell surface is not likely to be body weight dependent. Proteolytic catabolism of monoclonal antibodies targeting soluble targets or targets at the cell surface takes place in the endosomal space, which is estimated to be 0.5% of the total tissue volume \[[23](#onco12221-bib-0023){ref-type="ref"}\]. Since total tissue volume is changed in underweight and obese patients, endosomal space---and, thus, the rate of proteolytic catabolism---is likely to be changed too. However, the clinical impact of this change is limited since the absolute rate of proteolytic catabolism is low due to the FcRn receptor.

"Obviously, binding to the target at the cell surface is not related to body weight, but mainly to tumor load, target expression levels in tumors versus endogenous expression, and affinity of the monoclonal antibody. Therefore, intracellular degradation of monoclonal antibodies targeting antigens at the cell surface is not likely to be body weight dependent."

Body Weight Versus Fixed Dosing of Monoclonal Antibodies {#onco12221-sec-0004}
========================================================

Although the volume of distribution of monoclonal antibodies is changed in underweight and obese patients compared to normal weight patients, the change in volume of distribution is less than the change in body weight (Table [3](#onco12221-tbl-0003){ref-type="table"}). As a result, underweight patients will receive a relatively low dose compared to normal weight patients and obese patients will receive a relatively high dose when based on body weight. Interestingly, for fixed dosing, the opposite is true; since absolute volume of distribution is lower in underweight patients, a relatively higher dose will be administered, whereas obese patients will receive a relatively lower dose. This raises the question of whether fixed dosing is worse, equal, or better in terms of interpatient variability than body--size‐based dosing for the general population. Obviously, for a normal weight patient both dosing schedules are equal since the fixed dose is usually based on a normal weight patient. Wang et al. \[[30](#onco12221-bib-0030){ref-type="ref"}\] investigated the effect of fixed dosing versus body--weight‐based dosing using an in silico model. This model used a median body weight of 75.7 kg (range 38.8--187.2 kg) to estimate the area under the plasma concentration‐time curve (AUC) after fixed and body--weight‐based dosing of monoclonal antibodies. In population pharmacokinetic calculations, the volume of distribution and clearance are typically corrected for individual body weight by multiplying the parameter by the following: $$\left( \frac{BW}{{BW}_{m}} \right)^{\text{exp}}$$

In this formula, BW represents the individual weight and BW~m~ represents the typical body weight of a normal weight patient. An exponent (*exp*) is used for the effect of body weight, whereas 0 is used for no effect and 1 is used for a linear effect. The exponent is estimated by the population pharmacokinetic model to describe the pharmacokinetic data derived from clinical trials. Wang et al. \[[30](#onco12221-bib-0030){ref-type="ref"}\] showed that in the case where an exponent of \<0.32 is used in formula 1 to correct for the body weight effect on clearance, fixed dose administration results in less than ±20% difference in AUC between patients with extreme body weight compared to normal body weight. On the other hand, an exponent of \>0.68 results in a less than ±20% difference in AUC when body weight‐dosing is used. Both dosing approaches showed a maximum of ±100% difference in AUC. Bai et al. \[[31](#onco12221-bib-0031){ref-type="ref"}\] confirmed these results and showed that fixed dosing results in reduced interpatient variability in AUC compared to body weight‐dosing when an exponent of \<0.5 was used in in silico pharmacokinetic models to normalize body weight effect on clearance. Fixed dosing also reduced interpatient variability in maximal plasma concentrations in case an exponent of \<0.5 was used to normalize body weight effect on volume of distribution. In conclusion, these data show that, for monoclonal antibodies with modest effects (an exponent of \<0.5 used in PopPK models in formula 1) of body weight on the volume of distribution and clearance, fixed dosing can result in reduced interpatient variability compared to body weight dosing.

Justification of Fixed Dosing of Monoclonal Antibodies in Oncology {#onco12221-sec-0005}
==================================================================

For monoclonal antibodies, effects of body weight on the volume of distribution and clearance are usually described in the scientific discussion that is part of the public assessment reports of the European Medicines Agency (EMA). However, this is often based on limited data from phase I and II studies and sparingly described. More information can be gained from publications describing, for example, modeling of pharmacokinetic data in the population (PopPK model). In Table [1](#onco12221-tbl-0001){ref-type="table"}, we summarized the effects of body weight on the volume of distribution and clearance of monoclonal antibodies in oncology and proposed a fixed dose for most of these drugs based on pharmacokinetics. Of the 16 monoclonal antibodies in oncology, 4 are already approved as fixed dose therapy (catumaxomab, obinutuzumab, ofatumumab, and pertuzumab). Recently, the FDA modified the dosage regimen for nivolumab \[[32](#onco12221-bib-0032){ref-type="ref"}\]. The originally approved recommended dosage regimens of 3 mg/kg was modified to 240 mg for all patients. The approval was based on population pharmacokinetics analyses and dose/exposure‐response analyses, and the FDA concluded that exposure was comparable in both regimens and that dose/exposure response relationships appear to be relatively flat.

As described above, when minimal effects (exponent of \<0.5 used in PopPK models in formula 1) of body weight are observed on the volume of distribution and clearance, fixed dosing results in decreased interpatient variability compared to body weight dosing and is thus advised. Therefore, we advise fixed dosing for cetuximab and bevacizumab because minimal effects of body weight on the volume of distribution and clearance are observed \[[33](#onco12221-bib-0033){ref-type="ref"}\], \[[34](#onco12221-bib-0034){ref-type="ref"}\], \[[35](#onco12221-bib-0035){ref-type="ref"}\], \[[36](#onco12221-bib-0036){ref-type="ref"}\], \[[37](#onco12221-bib-0037){ref-type="ref"}\], \[[38](#onco12221-bib-0038){ref-type="ref"}\], and thus, a fixed dose strategy is likely to perform better in terms of reduction of inter‐patient variability than the currently registered body weight‐based dosing.

When strong effects of body weight are observed (an exponent of \>0.68 in formula 1), body weight‐based dosing results in lower interpatient variability than fixed dosing \[[30](#onco12221-bib-0030){ref-type="ref"}\]. However, for monoclonal antibodies with a wide therapeutic range, fixed dosing can still be considered for practical reasons since a maximum of ±100% difference in AUC is to be expected compared to a mean AUC of the registered bodyweight dosing \[[30](#onco12221-bib-0030){ref-type="ref"}\]. This is true for most monoclonal antibodies in oncology and justifies fixed dosing in this respect. Proposed fixed dosing schemes for each drug are summarized in Table [1](#onco12221-tbl-0001){ref-type="table"} and will be discussed here.

Monoclonal antibodies targeting CD20 like obinutuzumab and ofatumumab are already approved at a fixed dose. Although rituximab is approved at a fixed dose in rheumathology, this monoclonal antibody is dosed based on BSA in oncology. Effects of body weight on clearance and effects on the volume of distribution seem to be substantial (exponent 1.02, 95% confidence interval \[CI\]: 0.54--1.64; exponent 0.73, 95% CI: 0.45--1.05, respectively) \[[39](#onco12221-bib-0039){ref-type="ref"}\]. Despite the substantial effects of body weight on the pharmacokinetic parameters, Wang et al. \[[30](#onco12221-bib-0030){ref-type="ref"}\] showed that distribution of AUCs and maximal plasma concentrations of individuals (40--140 kg) were similar between BSA‐based and fixed dosing. Moreover, recently subcutaneous administration of rituximab in oncology is approved at a fixed dose after studies showing similar exposure and variability after intravenous administration of 500 mg/m^2^ or subcutaneous administration of 1,600 mg \[[40](#onco12221-bib-0040){ref-type="ref"}\]. The differences in administration routes and total doses make comparison between fixed and BSA‐based dosing incomplete, but it supports fixed dosing. Taken into account the therapeutic window, the experience with fixed dosing in rheumatology and the fixed dosing after subcutaneous administration in oncology, fixed dose of intravenously administered rituximab for oncological indications seems reasonable. Based on similar exposure after fixed and BSA‐based dosing, a fixed dose based on single vial content seems justified.

Like for rituximab, the HER2 binding antibody trastuzumab has recently been approved for subcutaneous administration in a fixed dose. For intravenous administration, the effects of body weight on the volume of distribution were limited (exponent 0.556; 95% CI: 0.211--0.824), but the effects on clearance appeared substantial (exponent 1.07; 95% CI: 0.889--1.25) \[[41](#onco12221-bib-0041){ref-type="ref"}\], \[[42](#onco12221-bib-0042){ref-type="ref"}\]. Interestingly, a more recent PopPK model based on a larger dataset showed that the most important covariate for clearance was the number of metastatic sites and not body weight. However, both covariates were considered not clinically relevant in comparison with the large interpatient variability of clearance, and the effects of body weight on clearance were not even taken into account in the final model \[[41](#onco12221-bib-0041){ref-type="ref"}\]. At first, antitumor activity of trastuzumab was evaluated at a fixed dose of 100 mg; however, further dose escalation was tested at a milligram per kilogram dosing schedule \[[11](#onco12221-bib-0011){ref-type="ref"}\], \[[12](#onco12221-bib-0012){ref-type="ref"}\], \[[13](#onco12221-bib-0013){ref-type="ref"}\]. According to the EMA report, PK parameters were roughly similar from phase I to III, although direct comparisons were difficult due to the change in dosing strategy from fixed to body‐weight adjusted doses \[[43](#onco12221-bib-0043){ref-type="ref"}\]. More recently, Wang et al. \[[30](#onco12221-bib-0030){ref-type="ref"}\] showed that the distribution of AUCs and maximal plasma concentrations of individuals (40--140 kg) were similar between body weight‐based and fixed dosing. Taking together, fixed dosing of trastuzumab is advised.

For the PD‐1 binding antibody nivolumab, the effects of body weight are substantial (exponent for volume of distribution: 0.580; exponent for clearance: 0.707), but the therapeutic window is wide. Doses of 1--10 mg/kg are equally effective \[[44](#onco12221-bib-0044){ref-type="ref"}\], underlying the appropriateness of fixed dosing of nivolumab. This is also reflected in the recent modification of the approved recommended dose by the FDA to a fixed dose of 240 mg for every patient and the multiple ongoing clinical trials with a fixed dose \[[32](#onco12221-bib-0032){ref-type="ref"}\], \[[45](#onco12221-bib-0045){ref-type="ref"}\], \[[46](#onco12221-bib-0046){ref-type="ref"}\], \[[47](#onco12221-bib-0047){ref-type="ref"}\]. Furthermore, a recently published PopPK model showed a flat dose‐response relationship and a similar benefit‐risk profile for fixed dosing and body weight‐based dosing \[[48](#onco12221-bib-0048){ref-type="ref"}\]. Volume of distribution of the other approved PD‐1 binding antibody pembrolizumab is minimally affected by body weight, and the effects of body weight on clearance were limited. The wide therapeutic window supports fixed dosing, especially since simulated dose‐response data indicate that 1 mg/kg is sufficient for clinical efficacy \[[49](#onco12221-bib-0049){ref-type="ref"}\]. A recent evaluation of dosing strategies of pembrolizumab is published by Freshwater et al. \[[50](#onco12221-bib-0050){ref-type="ref"}\]. Their PopPK model shows that exposure after body weight‐based dosing and fixed dosing (2 mg/kg and 200 mg) is similarly distributed over the population. Moreover, minimal plasma exposure after fixed dosing is within the range of previously reported plasma exposure with near maximal efficacy \[[50](#onco12221-bib-0050){ref-type="ref"}\]. The appropriateness is also reflected in the multiple ongoing clinical trials with a fixed dose \[[51](#onco12221-bib-0051){ref-type="ref"}\], \[[52](#onco12221-bib-0052){ref-type="ref"}\].

For the CTLA‐4 binding antibody ipilimumab, the effects of body weight are based on data from two phase II studies, with a total of 420 patients. The effect of body weight on clearance in the model is substantial (exponent: 0.642), although the 95% CI is wide (95% CI: 0.423--0.819). Thereby, for ipilimumab, a dose‐response relation and a dose‐toxicity relation are observed \[[53](#onco12221-bib-0053){ref-type="ref"}\], \[[54](#onco12221-bib-0054){ref-type="ref"}\]. The response in patients treated with 10 mg/kg was better than patients treated with 0.1 or 3 mg/kg \[[53](#onco12221-bib-0053){ref-type="ref"}\]. Overall survival was 15.7 (95% CI: 11.6--17.8) and 11.5 (95% CI: 9.9--13.3) months for the 10 and 3 mg/kg group, respectively \[[54](#onco12221-bib-0054){ref-type="ref"}\]. However, more dose‐limiting toxicities were observed at higher dose levels. A dose of 10 mg/kg was associated with higher rates of treatment‐related grade 3--5 adverse effects (34.3% vs. 18.5% for the 3 mg/kg group) and grade 3--5 immune‐mediated adverse reactions (33.5% vs.17.4% for the 3 mg/kg group) \[[54](#onco12221-bib-0054){ref-type="ref"}\]. Moreover, the higher dose led more often to treatment discontinuation (26.1% vs. 16.0%). Overall, 10 mg/kg seems tolerable after multiple doses and provides slightly increased survival compared to 3 mg/kg, but dose‐limiting toxicities and treatment discontinuation is observed among a quarter of all patients. Response rates do not justify treatment at 0.1 mg/kg, which might be due to plasma concentrations being below a minimal effective concentration for sufficient target inhibition \[[53](#onco12221-bib-0053){ref-type="ref"}\], \[[54](#onco12221-bib-0054){ref-type="ref"}\], \[[55](#onco12221-bib-0055){ref-type="ref"}\]. Based on the therapeutic window, fixed dosing is applicable, when multiple fixed doses are used for different weight ranges. As described in Table [1](#onco12221-tbl-0001){ref-type="table"}, for ipilimumab, three body weight cohorts can be made, with a fixed dose (based on commercially available vials) for each cohort. For example, all patients between 60 and 100 kg will receive 250 mg, resulting in individual doses of 2.5--4.2 mg/kg (registered dose 3 mg/kg).

The effects of body weight on pharmacokinetics of the epidermal growth factor receptor (EGFR) binding antibody panitumumab are described in a PopPK model based on data of 14 clinical studies. The effects of body weight on clearance were minimal (exponent \<0.5), and the effects on the volume of distribution were limited (exponent 0.526, 95% CI: 0.415--0.632). As a result, individual variation in exposure will be limited (around +/− 20%) at fixed dosing \[[30](#onco12221-bib-0030){ref-type="ref"}\]. Given the therapeutic window and the limited effects of body weight on individual variation in exposure, fixed dosing of panitumumab can be employed.

For the vascular endothelial growth factor 2 (VEGF2) binding monoclonal antibody ramucirumab, no PopPK model has been reported, although a PopPK model has been described in the EMA report \[[56](#onco12221-bib-0056){ref-type="ref"}\]. Unfortunately, details about the model have not been shared. However, body weight (range 30--139 kg) was tested as a covariate in the described model and not included in the final model since it did not reduce interpatient variability. Pharmacokinetic data from phase I studies show a nonlinear profile from 2--8 mg/kg and a linear profile from 8--13 mg/kg. Based on the absence of detailed PopPK data and the absence of efficacy data of doses lower than 8 mg/kg, data on the feasibility of fixed dosing of ramucirumab are lacking. Therefore, although fixed dosing seems feasible, it cannot yet be advised.

Cost Reduction by Fixed Dosing of Monoclonal Antibodies in Oncology {#onco12221-sec-0006}
===================================================================

Monoclonal antibodies are expensive drugs and have a high impact on the health care budget. Therefore, reduction in spillage will result in decreased costs of these drugs. Fixed dosing can help in reducing spillage since (a) the complete content of a vial can be used for preparation and (b) prepared infusions can be used for other patients when treatment is canceled at the last moment. However, costs can be further reduced by fixed dosing since patients with a body weight above average are relatively overdosed at a body weight‐based schedule (see section Effect of Body Weight on Elimination and Distribution of Monoclonal Antibodies and Table [3](#onco12221-tbl-0003){ref-type="table"}). At our hospital, a comprehensive cancer center, we already implemented a fixed dose for immunotherapeutic monoclonal antibodies (ipilimumab, nivolumab, and pembrolizumab) for standard care. We analyzed the number of preparations of infusion made for these monoclonal antibodies at the Pharmacy Department up to November 2016 (Table [4](#onco12221-tbl-0004){ref-type="table"}). For each preparation of infusion, we compared the number of vials used in our fixed dose regimen and the theoretical number of vials needed based on the registered dose. For example, a fixed dose of 240 mg nivolumab for a patient with a body weight of 90 kg was prepared using one vial of 40 mg and two vials of 100 mg. Based on the registered dose, two vials of 40 mg and two vials of 100 mg would have been used. In this example, usage of one vial of 40 mg was saved by our fixed dosing strategy. With the fixed dosing strategy for these three immunotherapeutic monoclonal antibodies, we saved over €3 million at population level. This shows that fixed dosing can reduce costs of health care, especially when pooling of preparations is not possible (which is often the case in smaller hospitals).

"Interpatient variation in exposure is comparable after body weight, and fixed dosing and most monoclonal antibodies show relatively flat dose‐response relationships. For monoclonal antibodies, this results in wide therapeutic windows and no reduced clinical efficacy after fixed dosing."

###### Overview of savings after fixed dosing of monoclonal antibodies at our hospital
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Data represent the number of preparations of infusion made for the monoclonal antibodies ipilimumab, nivolumab, and pembrolizumab at the Pharmacy Department of the Antoni van Leeuwenhoek, a comprehensive cancer center, up to November 2016. For each preparation of infusion, we calculated the number of vials used based on our fixed dose regimen and the theoretical number of vials needed based on the registered dose. For example, a fixed dose of 240 mg nivolumab for a patient with a body weight of 90 kg was prepared using one vial of 40 mg and two vials of 100 mg. Based on the registered dose, two vials of 40 mg and two vials of 100 mg would have been used. In this example, usage of one vial of 40 mg was saved by our fixed dosing strategy.

For nivolumab, fixed dosing can lead to a shift of usage of 40 mg vials to 100 mg vials or vice versa. For example, a fixed dose of 240 mg nivolumab for a patient with a body weight of 60 kg was prepared using one vial of 40 mg and two vials of 100 mg. Based on the registered dose, two vials of 40 mg and one vials of 100 mg would have been used. In this example, one vial of 40 mg was saved; however, one vial of 100 mg more was used. At population level, the cost reduction by saving vials exceeds the costs of the extra vials used. We corrected the calculated costs saved for the extra vials used.

Costs saved are calculated by multiplying the number of vials saved by the price of a vial. For nivolumab, costs of extra vials used are extracted from the savings. Prices of the vials are based on list prices in The Netherlands.

Future Perspective {#onco12221-sec-0007}
==================

At the moment, the rationale for fixed dosing of monoclonal antibodies is gaining recognition, and fixed dosing of recently developed monoclonal antibodies is often under the attention of the manufacturer \[[45](#onco12221-bib-0045){ref-type="ref"}\], \[[46](#onco12221-bib-0046){ref-type="ref"}\], \[[48](#onco12221-bib-0048){ref-type="ref"}\], \[[50](#onco12221-bib-0050){ref-type="ref"}\], \[[51](#onco12221-bib-0051){ref-type="ref"}\], \[[52](#onco12221-bib-0052){ref-type="ref"}\]. However, for earlier developed monoclonal antibodies, fixed dosing has not extensively been investigated. Still, for almost all monoclonal antibodies used in oncology, a strong rationale for fixed dosing exists based on pharmacokinetic and pharmacodynamics data. Therefore, we think that evidence for efficacy and safety of a fixed dose will not be coming---and needed---from extensive clinical comparability studies. We believe that nonclinical studies will become most important. This concept has already been proven by the case of nivolumab, for which the FDA approved fixed dosing based on population pharmacokinetics analyses and dose/exposure‐response analyses \[[32](#onco12221-bib-0032){ref-type="ref"}\]. Therefore, we think that in the future, further rationale for fixed dosing is proven by PopPK analyses rather than clinical randomized studies.

Conclusion {#onco12221-sec-0008}
==========

Based on pharmacokinetic parameters of monoclonal antibodies, there is a rationale for fixed dosing of these drugs in oncology. The currently available knowledge of elimination of monoclonal antibodies combined with the publicly available data from clinical trials and extensive PopPK modeling justifies fixed dosing. Interpatient variation in exposure is comparable after body weight, and fixed dosing and most monoclonal antibodies show relatively flat dose‐response relationships. For monoclonal antibodies, this results in wide therapeutic windows and no reduced clinical efficacy after fixed dosing. Therefore, we believe that fixed dosing at a well‐selected dose can increase medication safety and help in reduction of costs of health care without the loss of efficacy or safety margins.
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